Cells of Escherichia coli treated with lysozyme and Brij-58 become permeable to proteins, but do not release their DNA.
Although direct assays for pyrimidine dimers in UV-irradiated DNA are available (1, 2), they depend upon chromatographic separation of thymine dimers from thymine. They are therefore primarily useful at UV doses above 100 ergs/mm2 where the proportion of dimers exceeds 0.06% of the thymine (3) . I wished to develop a simple method sensitive enough to assay dimers produced in bacteria by UV doses as low as 10 ergs/mm2. Such a method should facilitate study of DNA repair in bacterial mutants that retain only one of the two known processes for dark repair of UV-induced damage, and are, therefore, sensitive to UV radiation.
Bacterial cells rendered permeable by treatment with the nonionic detergent, Brij-58, not only release most of their proteins into the surrounding medium (4, 5) , but also permit entry of extracellular proteins (6) . Their DNA, however, remains within the cell wall, protected from mechanical shear (4) (5) (6) . I used this DNA as a substrate for an endonuclease specific for pyrimidine dimers. The enzyme, induced by phage T4, produces a single-strand break adjacent to each pyrimidine dimer present in irradiated DNA (7, 8) . Cells of Escherichia coli, after irradiation with UV light, were made permeable and treated with the endonuclease. The number of breaks produced by the enzyme was estimated by lysing the treated cells on alkaline sucrose gradients and determining the sedimentation behavior of their DNA. This method for detecting dimers appears to have the desired degree of sensitivity and simplicity. A similar method for detecting dimers has been developed for mammalian cells by Wilkins (9) .
MATERIALS AND METHODS
Bacterial Strains. Two derivatives of E. coli K-12 were used: AB2497 (F-X' thr leu thi arg his pro thy ara lac gal mtl xyl Strr T6r); and a closely related excision-deficient mutant, AB2499 (F-XI uvrB5 thr leu thi arg his pro thy ara lac gal mtl 2753 xyl Strr T6r). Cultures were grown at 370 in minimal growth medium (Difco Bacto Broth Davis) supplemented with 0.4% glucose, 1 mM required amino acids, 0.5 Mg/ml of thiamine, and 10 (8) .
Cells were rendered permeable by treatment at 00 for 30 min in a mixture containing: 10 mM Tris HCl (pH 8.0), 10 mM EDTA, 0.1 M NaCl, 4.7% (w/v) sucrose, 26 mM NaN3, 23 Mg/ml of lysozyme, and 0.23% (w/v) Brij-58 (Atlas Chemical Co.). The endonuclease was then added to a final concentration of 7.5,ug/ml (200 units/ml), and the mixture was incubated 15 min at room temperature (about 230). The reaction was terminated by layering 10 or 20 Mul of the suspension (equivalent to 1 to 2 X 106 cells) on an alkaline sucrose gradient.
Alkaline Sucrose Gradients. Techniques used for alkaline sucrose gradient analysis have been described (11) . Briefly, I used linear gradients of 5-20% (w/v) sucrose in 0.1 N NaOH. Each gradient contained 4.8 ml of sucrose solution plus a top layer of 0.1 ml of 5% (w/v) Sarkosyl (Geigy NL-97) in 0.5 N NaOH. Gradients were centrifuged for 2 hr at 30,000 rpm in an SW50.1 rotor in a Beckman L2 65B centrifuge. Fractions were collected from the bottom of each tube, precipitated with cold 5% trichloroacetic acid, and filtered on glass-fiber filters (Reeve-Angel 934AH).
Radioactivity was determined in a Packard TriCarb scintillation spectrometer with a toluene-based counting solution.
A . Calculations of number-average molecular weight (M") were made with X DNA as a standard (12) . "4C-Labeled X phage was a gift of Dr. A. R. Grivell.
RESULTS
When UV-irradiated cells of E. coli K-12 were treated with lysozyme, Brij-58, and T4 endonuclease their DNA sedimented more slowly in alkaline sucrose gradients than DNA from unirradiated, untreated controls (Fig. 1) . From this observation I concluded that the treatment with lysozyme and Brij rendered the cells permeable to the enzyme. The numberaverage molecular weight (M.) of the control DNA in these experiments was about 1.2 X 108, and that of the treated DNA, 4.5 X 107. DNA from unirradiated cells treated with lysozyme, Brij, and endonuclease; and DNA from irradiated cells treated with lysozyme and Brij, but not with endonuclease, sedimented as rapidly as that from unirradiated controls that had not been treated with lysozyme and Brij (Fig. 1) . These data indicated that (i) the endonuclease did not cleave DNA from unirradiated cells, and (ii) treatment with lysozyme and Brij did not produce a detectable number of breaks in DNA from either irradiated or unirradiated cells.
Control experiments (data not shown) indicated that Brij-58 did not affect the activity of the endonuclease. The concentration of the enzyme used (7.5 jug/ml) was sufficient to produce the maximum number of breaks in a 5-min incubation period, although a 15-min incubation was routinely used.
As expected, the number of breaks observed after endonuclease treatment increased with the UV dose to which the cells had been exposed. However, the number of breaks observed was only about one-third of the expected number of dimers (Fig. 2) .
Since excision-dependent repair removes pyrimidine dimers from irradiated DNA it should remove the endonucleasesensitive sites if these are dimers. The data presented in Figs. 3 and 4 support this prediction. The excision-proficient strain lost most of its endonuclease-sensitive sites within 60 min after 'irradiation- (Fig. 3) , while the excision-deficient strain did not lose a detectable number during a 2-hr incubation (Fig. 4) . No breaks were observed in DNA from irradiated cells incubated for 2 hr if they were not treated with the endonuclease (data not shown). For these experiments the cells were starved for required amino-acids to prevent normal replication (and thus postreplication repair) while permitting excision-dependent repair (14) (15) (16) . DISCUSSION I have shown that an endonuclease specific for pyrimidine dimers can be used to detect dimers produced in bacterial cells by UV doses as low as 10 ergs/mm2. The enzyme used in 'these studies appears to produce one single-strand break for each dimer present in isolated DNA (8) . However, the number of breaks observed in permeable cells was about one-third of the number of dimers expected (Fig. 2) . The discrepancy may reflect inaccuracies in molecular-weight determinations The number of breaks expected was based on the assumptions that the endonuclease would produce one break per dimer, and that five dimers per erg/mm' would be formed per genome of 2.5 X 109 daltons (3, 8, 13) . Breaks observed ( -), expected --Pyrimidine Dimer Detection 2755 or UV dosimetry. Alternatively, it may indicate a lower efficiency of the endonuclease for DNA in permeable cells perhaps due to sequestration of dimers by cellular components (e.g., other proteins that bind to dimers) or clustering of the dimers (17, 18) . Similar results have been described by Wilkins (19) , who measured gamma-ray, as well as UV-induced, damage. He used an extract of Micrococcus luteus to treat lysates of irradiated cultures of an excision-deficient (uvrA6) derivative of E. coli K-12. The M. luteus extract contains endonucleases that act on both UV-and gamma-irradiated DNA (20) . In this system, as in ours, the yield of endonuclease-sensitive sites produced by UV irradiation was less than the number of dimers.
The sensitivity with which dimers, or other lesions, can be measured by use of a specific endonuclease depends not only upon the relative yield of single-strand breaks produced by the nuclease, but also upon the size of the untreated control DNA. By using permeable cells I consistently obtained control molecular weights of at least 108, or pieces equivalent to one-tenth the E. coli genome. It is possible to detect one break per piece, or 10 breaks per genome under these conditions. Thus, as few as 30 dimers per genome can be measured even if only one-third of them result in breaks in the DNA.
Because of its sensitivity, the method I describe should implement studies of DNA repair in bacterial cells. Extracts containing UY-specific endonuclease activity have been used for this purpose (21) . However, the substrate DNA was relatively small (about 4 X 108 daltons) and the UV doses high (400-1600 ergs/mm2). E. coli has two systems for repairing UV-damaged DNA in the dark. In order to determine the (to E. C. Friedberg).
